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Efficient liquid cooling systems in cutting and chipping processes are essential to remain
below the temperature limits of the cutting tool and materials. Impinging jet cooling near
the processing location is a widely employed technique for this purpose. The cooling effect
can be optimized using a pulsating cooling fluid to improve heat transfer, via a periodic
renewal of the hydrodynamic and thermal boundary layer.
This study focuses on a cooling nozzle which generates a passive jet excitation,
without an electric motor or any valve system. Four different nozzle design mechanisms
for the jet excitation were developed and tested with respect to their passively generated
pulsation. Strouhal number, pressure fluctuation and pulsation amplitude were measured.
A Strouhal number close to 0.2 was achieved with one excitation mechanism. The Strouhal
number achieved by the other mechanisms was above 0.1.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
In cutting or chipping processes a robust liquid cooling system is crucial for maintaining the cutting tools and
workpieces in the temperature limits. The current type of cooling is an impinging jet cooling, which is a very effective
cooling technique with high rates of local heat transfer. The cooling effect can be further increased by a cyclic renewal of
the boundary layer, using a pulsating cooling jet [1–3]. Moreover, the pulsation leads to higher turbulence and more
instabilities in the jet, which results in more fluid movement in the stagnation region and to an increase of transport
processes [4].
Several studies exist concerning impinging cooling jets, some of them discuss pulsating jets. Zumbrunnen [5] examined
the influence of pulsation and the characteristics of the boundary layer renewal theoretically. In a further study, Zum-
brunnen and Aziz [1] determined the minimum Strouhal number of 0.26 for heat transfer enhancement of a pulsating jet
and confirmed these results experimentally. The increase in heat transfer was explained by the transient response char-
acteristics of the boundary layer. In a further study, Sheriff and Zumbrunnen [2] examined experimentally a large Strouhal
number range and detected a heat transfer enhancement for high Strouhal numbers (up to 0.51) and a heat transfer re-
duction at low Strouhal numbers (0.01–0.14). For pulsating air jets, Janetzke et al. [6] detected heat transfer enhancement of
up to 20% for a Strouhal number of 0.82. Furthermore, Hofmann [7] detected a minimum Strouhal number of 0.2 for a heat
transfer enhancement with air jets. In these studies, the jet excitation was forced by an external control. An approach with
passively generated jet pulsation only exists for submerged air jets. For example, Camci and Herr [4] ascertained an increaseer Ltd. This is an open access article under the CC BY license
Rohlfs).
Fig. 1. General nozzle concepts and rotational elements.
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hancement for different systems with a passive excited air jet.
In conclusion, for pulsating jets the correct excitation range of the Strouhal number is relevant to remain the regime of
heat transfer enhancement and not reduction. Depending on the presented studies, the Strouhal number should be in the
range of at least 0.2 [7] or higher (Strouhal number higher than 0.26 according to [1]) for an increase of the transport
processes and heat transfer. A higher Strouhal number led to increased heat transfer [8].
In the previously mentioned studies with water jets, the tested cooling nozzles produce the pulsation with an external
control. In this study, a cooling nozzle is developed to initiate a passive pulsation of a water jet. The design of the cooling
nozzle does not involve any electric motor or controller unit which simplifies the system and reduces the costs.
There are nozzle systems, which enable a passive excitement of a fluid jet, for example, a lawn sprinkler, or shower heads
with massage function. However the passive pulsation generation of the cooling nozzle presented in this study has not been
applied in the market yet.2. Material and methods
2.1. Nozzle concept
Fig. 1 (left image and center) illustrates the design concept of the cooling nozzle with the passive pulsation generator
modul (PGM). The latter consists of a splittable housing that is rotationally symmetric and has six outlet orifices. Tubes are
attached to the orifice that guide the flow and act as nozzles. The PGM is located within the nozzle housing and generallyFig. 2. The experimental setup.
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rotor. A shaft connects the rotor to the shutter element, which covers a part of the orifices and causes pulsation. From this
concept, the pulsation frequency of the jet is proportional to the frequency of the rotor.
Four different designs for the PGM were developed and tested in this study. All design concepts are shown in Fig. 1, right
image. The first concept uses an axial turbine wheel as the rotational element. The second concept uses a radial turbine
wheel. The third concept only needs one component, a “swirl body”, which combines the moving and shutter elements. The
last concept consists of three spheres distributed equidistantly around a bearing ring, which are held in position through
small shafts to shutter the nozzle orifices. The spheres combine the rotational and shutter functions.
All four developed PGM concepts initiate pulsation by partially obscuring the nozzle orifices. The effective shutter areas
of the modules differ from each other and depend on the excitation generation module. The concepts with the axial and
radial wheel have both a shutter area of 50%. The rotational spheres have a shutter area of 80% and the swirl body has a
shutter area of 90%.
The four different concepts are tested to determine whether a passive pulsation can be realized in a cooling nozzle. The
four concepts were tested to select the alternative with the highest potential for a heat transfer enhancement.
2.2. Experimental setup
Fig. 2 shows the setup for the experimental investigation of the different nozzle concepts. A water pump (Wilo Stratos
25/1-10) delivers the water through the nozzle back to the reservoir. The water pump has no dynamic control. Owing to a
constant outlet area of all nozzle designs and the high frequency of the velocity fluctuations within each nozzle pipe,
pressure fluctuations in the entire system are small and cannot be measured with the measurement systems available.
Through the PGM, the nozzle produces a pulsating jet, which is investigated. Three different parameters are measured to
determine the quality of pulsation. Using a transparent nozzle housing (acrylic glass), the speed of the rotational element
inside the PGM is optically measured with a strobe light. In addition a piezoelectric sensor (Kistler 4007 B) is used to
measure the pressure fluctuation in one of the nozzle tubes (inner diameter of 6 mm), whereby the pressure sensor is
located 30 mm above the nozzle exit. Furthermore, images of a single outlet free jet are taken to characterize the jet
dynamics and jet width oscillations. The images are taken with a high speed camera from Photron, type Fastcam SA-X, V1-
M1 with a frame rate of 100,000 fps and a resolution of 10241024 pixels. A spotlight and an optical diffusor are used to
illuminate the free jet. The water volume through the nozzle is measured with a rotameter and can be adjusted by the water
pump.
2.3. Dimensionless numbers
Two dimensionless numbers, the Reynolds number and the Strouhal number, are used for characterization. The Reynolds
number for the fluidic characteristics is defined as
ν
= · ( )Re
u D
, 1
where ν is the kinematic viscosity of the fluid used (here water), u is the average velocity of the fluid at the nozzle exit, and
D is the characteristic length, in these case the diameter of one nozzle exit.
The Strouhal number characterizes the non-dimensional frequency of the jet. The Strouhal number is defined asFig. 3. Strouhal number of the four nozzle concepts.
Fig. 4. Pressure measurement at a volume flow rate of 800 l/h ( ≈ )Re 12, 500 .
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where f is the frequency of the flow, here the shutter frequency.3. Results
The nozzle concepts presented in this study are designed to realize the pulsation of a nozzle jet without any additional
electric actuator. A pulsation can be realized with all four nozzle designs developed.
In a first step, the rotation of the PGM was ascertained to determine the frequency of the shutter and the resulting
pulsation of the jet. The rotation of the PGM is responsible for the pulsation and is measured with a strobe light. Fig. 3 shows
the results of the speed measurement and the achieved Strouhal numbers for all four nozzle concepts in the examined
Reynolds number range of 7500–12,500. For each design the Strouhal number approaches an almost constant value over the
investigated range of Reynolds numbers.
The maximum revolutions per minute is close to 15 Hz (with the axial wheel), where each rotation results in three
pulsations of the fluid due to the three shutter plates. Therefore, a pulsation frequency of 45 Hz is achieved, which results in
a Strouhal number of 0.14. The second highest Strouhal number of 0.13 is obtained with the “swirl body”. The design with
the radial wheel reaches a Strouhal Number of 0.12 and the concept with spheres a Strouhal number below 0.1.
Fig. 4 shows the results of the pressure measurements, which were obtained with the piezoelectric pressure sensor in
the upper part of one nozzle tube as shown in Fig. 2. A constant volume flow rate of 800 l per hour was used for all different
PGM, which is equal to a Reynolds number of 12,500. The aim of the pressure measurement is to determine the relationship
between the rotational speed of the moving element and the normalized pressure fluctuation in the nozzle tubes, as well as
the influence of the shutter area.
The pressure sensor measures the absolute pressure in the nozzle tube. This absolute pressure is a result of different
contributions. First, the ambient pressure of approximately 1013 mbar act at the nozzle exit. Owing to the location of the
pressure sensor, the absolute pressure is reduced by a hydrostatic component of 3 mbar. Friction in the tube contributes to
an increase in absolute pressure by 2 mbar assuming non-oscillating turbulent flow conditions in smooth pipe. The last part
contributing to the measured pressure is due to an acceleration and deceleration of the flow caused by the pulsation. Note
that the linearity error of the pressure sensor according to the manufacturers specification is also in the range of 30 mbar. As
Fig. 5. Recordings of the free jet with different PGM.
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subtracting the other pressure contributions from the sensor readings.
Despite the uncertainty in the absolute pressure readout, the measurements demonstrate pressure fluctuations within
one cycle for each of the four nozzle designs. The swirl body (top right) reaches the highest pressure amplitude of 50 mbar,
followed by spheres (top left) and the axial wheel (bottom left) of 30 mbar. The radial wheel (bottom right) have a am-
plitude of 20 mbar. A possible explanation for the different amplitudes in the pressure fluctuations is the effective shutter
area. The swirl body has the highest shutter area (90%) and the highest pressure amplitude, followed by the modification
with spheres (80%). The radial wheel has the smallest shutter area (50%) and thus the smallest pressure amplitude.
Depending on Strouhal number and rotational speed, the cycle times of the designs are different. The axial wheel has the
highest rotational speed and consequently the shortest cycle time, the design with spheres has the lowest rotational speed
and the longest cycle time. Therefore, the pressure fluctuation depends on the rotational speed of the shutter element. The
pulsation frequency is three-fold the speed of the rotational element.
The optical investigation of the free jets aims at determining the relationship between pulsation amplitude and shutter
area. Fig. 5 shows the results of the optical investigation of the free jets with the high speed camera. The picture shows from
left to right the records of a jet without a PGM, the jet with the swirl body, the jet with the axial wheel, and the jet with the
radial wheel.
The images show the disturbance of the free jet through the PGM. However, the disturbances on the jet shape do not
show any connection to the effective shutter area of the different PGMs. A distinct pulsation amplitude is not visible in the
pictures of the single jets. There are volume flow fluctuations visible in the jet but not in the pressure fluctuation range that
was expected. The evaluation of the fluctuations is difficult, because the jet has a rotational spin which can not be evaluated
in a two dimensional view. The spin leads to variation in thickness in the free jet in the two dimensional view. Moreover,
there is a difference in the flow speed in the excited jets, which can be seen at the reflections and brighter parts in the jets. It
is not clear if variation in thickness of the jet depend on the shutter area or Strouhal number. The jet with the highest
shutter area does not exhibit the largest variation in thickness. In summary, a pulsation of the flow is visible, but no defined
amplitude magnitude is measurable.
For an increase in heat transfer, the PGM with the highest potential should be determined depending on the different
aims for a pulsating jet, such as amplitude and Strouhal number.
The axial wheel has the highest Strouhal number and the greatest potential to increase the heat transfer with regard to
the pulsation frequency. Therefore, a variation of the axial wheel was investigated to further increase the Strouhal number of
the pulsation.
To increase the rotational speed, the slope of the turbine wheel of the axial wheel is varied. With a higher slope, an
increase in the rotational speed is possible and hence, an increase in the Strouhal number. The result is shown in Fig. 3. The
new wheel “axial wheel, modified”, can achieve a Strouhal number of 0.19. This value is very close to the desired Strouhal
number of 0.2 (or higher), which can be obtained by redesigning the shutter area, increasing the number of shutter ele-
ments. This design modification can be done with all four PGM, such that the desired Strouhal number for heat transfer
enhancement is achievable. A very important aspect is that the Strouhal number obtained with the PGM is in the correct
order of magnitude, such that small improvements in the design concept can lead to the desired Strouhal number.
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In this paper a newly designed nozzle concept with a passive pulsation was investigated. Four nozzle alternatives were
developed and evaluated regarding to their pulsation behavior. A jet excitation can be realized with every alternative and
the excitation frequency is measurable by the rotational speed of the pulsation generation modules. For each design, the
Strouhal number approaches an almost constant value over the investigated range of Reynolds numbers, which is desirable
for heat transfer enhancement. The pressure fluctuations generated with the concepts is of different magnitude, depending
on the effective shutter area. Additionally, the fluctuations of the free jet can be visualized with a high speed camera. The
visual measurement of the pulsation amplitude of the free jet is difficult because of three-dimensional effects, such as due to
the rotational spin, visible in the high speed records from the camera.
For an increase of the heat transfer, the correct Strouhal number is the crucial factor. The pulsation generation module
using an axial wheel has been found to have the highest potential for heat transfer enhancement. This configuration
generates a pulsation frequency with a Strouhal number of 0.19 (fairly independent from Reynolds number) and may be
further optimized to obtain Strouhal numbers above 0.2 by simply increasing the number of shutter elements.References
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